HIGHLIGHTS
The extent of myocardial fibrosis and the degree of isoform-expression and phosphorylation changes in cardiomyocyte titin were unknown in different hemodynamic subgroups of AS, including "paradoxical" low-flow, low-gradient AS with preserved ejection fraction.
Hemodynamic subtypes of AS were found to exhibit increased cardiac fibrosis, titinisoform transition toward more compliant N2BA variants, and both total and sitespecific titin (N2Bus) hypophosphorylation compared with donor heart controls.
A significant shift toward N2BA titin appeared in "paradoxical" AS, whereas alterations in total-titin phosphorylation and cardiac fibrosis were similar in all hemodynamic subtypes of AS, suggesting increased myocardial passive stiffness.
The unfavorable prognosis of "paradoxical" AS could be explained by the pronounced myocardial remodeling, which is no less severe than in other AS subtypes.
SUMMARY
Titin-isoform expression, titin phosphorylation, and myocardial fibrosis were studied in 30 patients with severe symptomatic aortic stenosis (AS). Patients were grouped into "classical" high-gradient, normal-flow AS with preserved ejection fraction (EF); "paradoxical" low-flow, low-gradient AS with preserved EF; and AS with reduced EF. Nonfailing donor hearts served as controls. AS was associated with increased fibrosis, titin-isoform switch toward compliant N2BA, and both total and site-specific titin hypophosphorylation compared with control hearts. All AS subtypes revealed titin and matrix alterations. The extent of myocardial remodeling in "paradoxical" AS was no less severe than in other AS subtypes, thus explaining the unfavorable prognosis. Patients with severe, high-gradient, normal-flow AS with preserved ejection fraction ("classical" AS)
benefit with a high probability from aortic valve replacement (1) . However, there are other hemodynamic types of AS, such as low-flow, low-gradient severe AS with preserved ejection fraction (EF) ("paradoxical" AS) and aortic stenosis with reduced ejection fraction (ASrEF), which occur in more than 30% of all cases (4, 5) . Probably due to advanced myocardial remodeling, the positive effect of aortic valve replacement is more uncertain in these patients (1, 5) .
In particular, the pathophysiology of "paradoxical"
AS is not fully understood. There is controversy about whether it is merely a moderate form of AS with favorable prognosis or an advanced form of AS. It could be a pseudo-severe AS due to inaccuracies in the measurements or inconsistencies in the guidelines (6-8), or it could be a true AS associated with pronounced myocardial stiffening, severe intrinsic myocardial damage, impaired relaxation, and therefore, worse prognosis than "classical" AS (5,9,10).
Pathological myocardial relaxation and stiffness in AS are determined, in part, by fibrosis (11-13). More recently, the giant sarcomere protein titin has emerged as a main contributor to myocardial relaxation and stiffness (14) . Titin properties can be severely altered in heart failure, including AS (14) .
Titin is expressed in 2 major isoforms in adult hearts:
stiff N2B and compliant N2BA isoforms (15) . In recent years, there has been growing evidence for a titin isoform switch toward the more compliant N2BA isoform in various cardiac diseases, for example, heart failure with reduced or preserved EF (14) . This isoform transition may be compensatory, to counteract the increased stiffening from myocardial fibrosis. In contrast, for AS patients, it is not clear whether titin isoforms switch toward N2BA, N2B, or not at all (16) (17) (18) . In addition, there are no studies of titin isoform expression in different hemodynamic subtypes of AS. Phosphorylation of titin is another parameter that determines myocardial passive stiffness (14) , but likewise, has not been studied in hemodynamic subtypes of AS. To our knowledge, site-specific titin phosphorylation has never been investigated in human AS, but would be important to measure in particular at 2 mechanically active regions within the titin springs present in both the N2B and N2BA isoforms, the N2B-unique sequence (N2Bus) and the proline/glutamate/valine/lysine-rich (PEVK) region, because the stiffness of these segments is altered when they become phosphorylated (14) or dephosphorylated (19) .
In the present study, we investigated titin-isoform expression, total-titin and site-specific N2Bus/PEVK phosphorylation, and the degree of fibrosis in endomyocardial biopsy samples from AS patients compared with nonfailing donor heart samples. We examined these properties in 3 hemodynamic subgroups of AS: "paradoxical" AS, "classical" AS, and
ASrEF. We aimed to establish whether such indexes of structural and functional cardiac remodeling with TITIN PROTEIN CHEMISTRY. A total of 20 to 25 mg of protein prepared from frozen human heart tissue were loaded onto 1.8% polyacrylamide/1% agarose gels for the detection of titin isoforms by Coomassie-blue staining, as previously described (24) . All-titin phosphorylation was quantified by Western blotting using antiphosphoserine/-threonine antibodies (Biotrend Chemicals, Cologne, Germany) (25) . In lieu of a protein (24): anti-P-S4010, anti-P-S4099, anti-P-S4185 (all N2Bus), and P-S11878 (PEVK). Except for anti-P-S4185 (generated by Immunoglobe, Himmelstadt, Germany), these antibodies were made by Eurogentec (Brussels, Belgium). To measure the titin to myosin heavy chain (MHC) ratio, Coomassie-stained 2.5% polyacrylamide/1% agarose gels were prepared.
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We note that a substantial number of AS biopsies revealed no or barely measurable signals in the titin isoform/phosphorylation analysis, which was probably due to the fact that the biopsy material sometimes contained a low number of cardiomyocytes, whereas fibrotic regions were abundant.
Bands were visualized using the LAS-4000 Image Table 2) .
Among the different AS subgroups, significant differences were found only for LVEF and aortic mean gradient ( Table 3 ). The 1-year survival rates were 93%
in patients with classical AS, 75% in patients with ASrEF, and 63% in patients with paradoxical AS.
Although the differences in survival were not significant, there was a trend toward worse survival in patients with paradoxical AS.
FIBROSIS IS INCREASED IN AS.
In endomyocardial biopsies, significantly more cases of severe fibrosis were found in patients with severe AS than in the control group (severe AS: no/mild fibrosis, n ¼ 1; moderate fibrosis, n ¼ 13; severe fibrosis, n ¼ 14; vs.
control group: no/mild fibrosis, n ¼ 8; p ¼ 0.001).
After adjusting for age and sex, aortic stenosis was the only predictor for the degree of fibrosis. The degree of myocardial fibrosis appeared to be similar among patients with classical AS, paradoxical AS, and ASrEF ( Figure 1 ). In patients with or without coronary heart disease, there was no significant difference in the degree of fibrosis (coronary artery disease: no/ mild fibrosis, n ¼ 3; moderate fibrosis, n ¼ 5; severe fibrosis, n ¼ 8; vs. no coronary artery disease: no/mild fibrosis, n ¼ 4; moderate fibrosis, n ¼ 7; severe fibrosis, n ¼ 6; p ¼ 0.231). Comparing the AS subgroups to the donor group, the median (first quartile, third quartile) N2BA/N2B Abbreviations as in Table 1 . and they can be dephosphorylated by protein phosphatase 5 (19) , whereas phosphoserine P-S11878
within the PEVK domain can be phosphorylated by PKCa (14) . In AS versus donor samples, no difference in median phosphorylation was observed for P-S4010, P-S4099, and P-11878 (Table 4) . However, N2Bus phosphosite P-S4185 was significantly less phos- versus donors ( Table 4 , Figure 4C ). In summary, the PKA/PKG-dependent phosphoserine P-S4185 within human N2Bus was hypophosphorylated in AS, explaining part of the total titin phosphorylation deficit in AS versus nonfailing control hearts. Mann-Whitney U test revealed statistically significant differences between control hearts and all AS patients (p ¼ 0.005).
(C) Comparison was made between study patients' subgroups using the Kruskal-Wallis test (p ¼ 0.042). Post hoc multiple pairwise comparisons revealed significant differences between the control group and paradoxical AS (*p < 0.05). AS ¼ aortic stenosis; other abbreviations as in Figure 1 .
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DISCUSSION
In this study, we examined patients with severe (12), and underscore the view that paradoxical AS is a disease with severe intrinsic myocardial damage (9, 10) .
Diverging published data exist regarding the ratio of the more compliant titin isoform N2BA to the stiffer isoform N2B in patients with AS. One study demonstrated a reduced N2BA/N2B expression ratio in 19 patients with AS, compared to donor hearts (18) .
Another study reported no significant alterations in titin-isoform composition in 14 AS patients versus healthy hearts (17) . Yet, another study with 9 AS patients, from the same group, detected a significant shift of the titin-isoform expression ratio toward more compliant N2BA (16) . The reason for these diverging results is unknown. We investigated the largest number of AS patients yet for titin-isoform expression.
In our patient group, we found a significant shift toward the more compliant N2BA titin isoform versus nonfailing donor heart samples ( Figure 2) . The magnitude and direction of this isoform transition were similar to those seen in end-stage failing human hearts with ischemic or dilated cardiomyopathy, compared with nonfailing donor hearts (26, 27) . hypophosphorylation of titin at the cardiac-specific N2B element in human heart failure (29) (30) (31) and in animal models of heart failure with preserved EF (32, 33) . Some studies also showed an increased ratio of phosphorylated N2BA over phosphorylated N2B in human heart failure with reduced or preserved ejection fraction (16, 17) . Incubation of isolated (skinned) failing human cardiomyocytes with PKA or PKG corrected a pathologically elevated titin-based passive stiffness (17, 34) . Here, we provided evidence that human AS patients have a phosphorylation deficit at the elastic N2Bus domain, specifically, at residue S4185 ( Figure 4) . Phosphorylation of this serine, as well as other residues within the N2Bus region, is known to reduce titin-based myocardial passive stiffness (29) . Conversely, dephosphorylation (19) or hypo-phosphorylation of N2Bus is predicted to increase titin-based stiffness. P-S4185 in human titin can be phosphorylated by both PKA and PKG (29, 30) , and low activity of these protein kinases in AS may be a reason for the hypophosphorylation of N2Bus. Other known phosphoserines within the N2Bus and PEVK regions were unaltered in AS versus nonfailing hearts. Notably, hypophosphorylation of total titin and P-S4185 within N2Bus were also present or tended to be present in patients with paradoxical AS (Figures 3 and 4) . These results provided additional evidence that this type of AS is similarly affected by remodeling as classical AS or ASrEF. In conclusion, although we did not measure titin-based passive tension, the reduced titin phosphorylation, especially at the N2Bus element, could be a factor underlying the increased passive stiffness and diastolic dysfunction in AS.
STUDY LIMITATIONS. In the relatively small population group, a subdivision into a group with low-flow, low-gradient AS with reduced LVEF was not possible.
However, the present study is the largest yet to investigate the expression of titin isoforms and phosphorylation in AS, and to our knowledge is the only study to look at site-specific titin phosphorylation. Notably, it is not settled whether or not the basal septum endocardial biopsy site is representative of the entire LV. However, it was not possible in this study to take a sample from other regions of the LV, as this would have meant a much higher risk for the patients. In our study, more than 50% of all patients had coronary heart disease. The characteristics of our study cohort thus correspond to the usual characteristics of patients with severe AS (1,2). However, we excluded patients with previous myocardial infarction to prevent bias in the analysis of titin and fibrosis. Due to the small size of the myocardial 
